Background. Respiratory syncytial virus (RSV) pneumonia after hematopoietic cell transplant (HCT) is associated with severe morbidity. Although RSV RNA has been detected in serum from patients with RSV lower respiratory disease (LRD) after HCT, the association with clinical outcomes has not been well established in multivariable models. Additionally, the role of antiviral treatment in HCT recipients has not been previously analyzed in multivariable models.
have been limited by small numbers of patients and have not accounted for multiple risk factors such as disease severity [11] [12] [13] [14] . No randomized trials examining ribavirin for treatment of RSV LRD have been reported, although 2 small randomized trials examined its use as preemptive therapy [9, 15] . Cost and difficulty in drug administration have also contributed to controversy in the use of ribavirin.
Identifying biological markers of RSV disease severity and poor outcomes is an important goal that may allow for improved therapeutic intervention. Although it is clear that presence of viral nucleic acid in blood is relevant for viruses such as cytomegalovirus and adenovirus, its role is less clear for respiratory viruses. Several studies have described the presence of viral nucleic acid in serum, whole blood, and peripheral blood monocytic cells of patients infected with respiratory viruses including severe acute respiratory syndrome coronavirus, influenza virus, avian H5N1 influenza virus, rhinovirus, and RSV, and have suggested a correlation with disease severity and poor outcomes [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . Recently, evaluation of serum influenza RNA in HCT recipients found that influenza RNA detection was associated with hypoxemia, respiratory failure, and increased overall and influenza-related death [26] . Initial studies at our center reported that RSV RNA in serum is detectable and may be associated with poor outcomes, but formal risk factor and outcome analyses are lacking [27] .
The purpose of this retrospective study was to examine the association of plasma or serum RSV RNA detection with disease outcomes in HCT recipients with RSV LRD. Additionally, we evaluated the clinical and virologic factors associated with outcomes in a large cohort that allowed for analysis using multivariable models.
METHODS

Patients and Samples
HCT patients with virologically confirmed RSV LRD between January 1990 and April 2011 were included in this study. Clinical data were collected from databases and supplemental review of the medical record. This study was approved by the Institutional Review Board at the Fred Hutchinson Cancer Research Center. Subjects signed informed consent permitting the use of data and stored samples for research.
RSV LRD was defined as RSV detection from bronchoalveolar lavage (BAL), lung biopsy, or autopsy specimens in association with lower respiratory tract clinical symptoms and/or radiographic changes. The day of RSV LRD diagnosis was defined as the date that RSV was detected in the lower tract specimen. Virologic confirmation was obtained by direct fluorescent antibody, shell vial centrifugation, or conventional viral culture in lower respiratory tract samples; after 2007 patients also had RSV detected by reverse transcription polymerase chain reaction (RT-PCR). Stored serum or plasma samples were available in a subset of patients. Weekly plasma or serum samples collected within 4 weeks before and after diagnosis of LRD were tested for RSV RNA by real-time RT-PCR.
RSV RNA Detection Methods
Serum or plasma frozen at ≤−20°C was thawed and extracted in duplicate. Total nucleic acids were isolated from 280 µL of specimen (QIAamp Viral RNA Mini Kit, Qiagen) and analyzed for the presence of RSV A and RSV B viral RNA by quantitative, real-time RT-PCR assays targeting the RSV matrix genes [28] . The RT-PCR assays were performed in duplicate to assess low levels of viral RNA and optimize detection. Thus, a total of 4 RT-PCR results were obtained for each specimen. To ensure that negative results were not due to poor nucleic acid extraction or inhibition of the PCR assay, 1000 copies per reaction of a specimen processing control was added to the lysis buffer during extraction. All negative samples had evidence of amplification of the control. One low-positive control containing 200-1000 copies per reaction of RSV and 1 negative control consisting of cultured, uninfected human epithelial cells were processed with each batch of patient specimens. Each assay reliably detected 10 viral copies per reaction, which provided a sensitivity of 200 copies/mL (10 µL of nucleic acid specimen added per reaction). All PCR assays were performed according to the standards of the College of American Pathologists, and the laboratories passed proficiency testing in viral diagnostics.
Statistical Analysis
Patients were analyzed based on their first episode of RSV LRD. The probability of overall survival was estimated using the Kaplan-Meier method; the probability of mortality due to respiratory failure ( pulmonary death) was estimated with cumulative incidence curves, with death from other reasons as a competing risk. The log-rank test was used to compare mortality curves between subgroups. Cox proportional hazards models were used to evaluate unadjusted and adjusted hazard ratios (HRs) for RSV RNA detection, and for overall mortality and pulmonary death at day 30 and day 90 following RSV LRD. Poisson regression was used to evaluate unadjusted and adjusted relative risk (RR) for respiratory failure, defined as the requirement for mechanical ventilation. Covariates evaluated as candidate risk factors for inclusion in multivariable models are listed in Table 1 . Variables with P ≤ .2 in univariate analysis were candidates for multivariable models. For model formation, risk factors of interest were selected a priori; factors significant in univariate models at P ≤ .2 were added one by one to those factors for evaluation. Models presented are those with significant confounding variables. Given the extended study period and the associated changes in transplant practices, year of transplant was evaluated over 2 time periods as well as Abbreviations: BM/CB, bone marrow/cord blood; CT, computed tomography; CXR, chest radiography; FEV, forced expiratory volume; FVC, forced vital capacity; IQR, interquartile range; IVIG, intravenous immunoglobulin; LRD, lower respiratory disease; MA, myeloablative; PBSC, peripheral blood stem cell; RSV, respiratory syncytial virus; TBI, total body irradiation; TLC, total lung capacity; WBC, white blood cell. a P = .037. b Underlying disease risk defined as previously described [29] .
c Four cord blood, 63 bone marrow. d Copathogens defined as pathogenic bacteria, fungi, or opportunistic viruses from bronchoalveolar lavage and/or blood obtained within 2 days of RSV LRD diagnosis. e Including those requiring continuous positive airway pressure and mechanical ventilation. f IVIG was administered at the discretion of the attending physician. g Intravenously dosed as a loading dose (35 mg/kg in 3 divided doses every 8 hours) followed by a maintenance dose (25 mg/kg in 3 divided doses every 8 hours for 6 days) [30] or orally dosed as a loading dose (10 mg/kg) followed by 400 mg every 8 hours on day 2 and 600 mg every 8 hours on day 3 [31] . Oral, n = 4; intravenous, n = 9. h Current practice guidelines at our center involve treatment with aerosolized ribavirin in all patients with RSV LRD, dosed as 6 g as a single dose over 18 hours or 2 g three times a day over 2 hours [15] . i Ten patients also received palivizumab; 9 patients also received IVIG.
continuously. Time-dependent steroid use and mechanical ventilation were included in all models for RSV RNA detection. Treatment with ribavirin, oxygen requirement at diagnosis, and cell source were included in all models for overall mortality; treatment with ribavirin and oxygen requirement at diagnosis were included in all models for pulmonary death. Oxygen requirement at diagnosis and presence of RSV RNA were included in all models of respiratory failure. Two-sided P values <.05 were considered to be statistically significant. Separate multivariable models were used to minimize the number of covariates per model due to the limited number of outcome events. All statistical analyses were performed using SAS 9.3 for Windows (SAS Institute, Inc, Cary, North Carolina).
RESULTS
Characteristics of Patients and Samples
We identified 118 patients with RSV LRD from January 1990 through April 2011. Characteristics of the cohort are outlined in Table 1 . The median time to LRD after HCT was 52.5 days (range, −1 to 3957 days). Among patients with URD prior to LRD (n = 86), the median duration between URD and LRD diagnoses was 5 days (range, 0-74 days). Twenty-six (22%) patients received antiviral therapy prior to the development of RSV LRD. Antiviral treatment for LRD was initiated at a median of 1 day (range, 0-9 days) following LRD diagnosis.
Of the 118 patients with RSV LRD, 92 (78%) had serum samples available for testing (Supplementary Figure 1) . The patients with samples available for serum testing were representative of the entire cohort; sex was the only variable with significant variation between the groups (P = .037; Table 1 ). A total of 380 samples were tested for RSV RNA; an average of 4 samples were tested per patient (range, 1-10). Figure 1 ). The median number of positive samples per patient was 1 (range, 1-5). The median maximum RNA load among positive results was 2.74 log 10 copies/mL (range, 2.03-4.17 log 10 copies/ mL). Eleven of the 41 (27%) positive samples were positive in both extraction aliquots. The median viral load for samples positive in both duplicates was statistically higher than the median viral load for single positive samples (3.11 vs 2.55 log 10 copies/mL; P = .007).
Twenty-four of the 28 patients with RSV RNA detected received antiviral therapy (4 systemic ribavirin; 20 aerosolized ribavirin). In 14 patients, RSV RNA was detected only once (n = 11) or twice (n = 3) during the course of antiviral therapy. One patient had 5 positive samples while on therapy (6, 9, 13, 16, and 20 days after starting ribavirin; Figure 1 ).
Risk Factors for Viral RNA Detection
In univariate analysis, treatment with ribavirin, steroid use of >2 mg/kg, mechanical ventilation at time of diagnosis, leukopenia, neutropenia, monocytopenia, and thrombocytopenia were associated with increased risk of RSV RNA detection in 92 patients with serum samples available; lymphopenia was not significantly associated with increased risk ( [30] or orally dosed as a loading dose (10 mg/kg) followed by 400 mg every 8 hours on day 2 and 600 mg every 8 hours on day 3 [31] . d Current practice guidelines at our center involve treatment with aerosolized ribavirin in all patients with RSV LRD, dosed as 6 g as a single dose over 18 hours or 2 g three times a day over 2 hours [15] . e Acute GVHD defined as previously described [32] .
f IVIG was administered at the discretion of the attending physician.
ventilation consistently showed an association with RSV RNA detection; neutropenia, monocytopenia and severe thrombocytopenia (platelet count ≤10 000 × 10 6 cells/L) also each showed increased risk for RSV RNA detection ( Figure 2A ). In models for pulmonary death, statistical significance was not reached. Of the 28 patients with RSV RNA detected, 22 died. All 8 patients with detection of RSV RNA in >1 sample died. When comparing patients with peak serum viral loads above vs below the median and adjusting for the variables above, higher RSV viral load was associated with increased risk of overall death ( Figure 2B ). Additionally, we compared the effect of 1 vs 2 positive RSV RNA detection results on mortality and did not see significant changes in HRs (data not shown).
In univariate analysis, RSV RNA detection was associated with an increased risk of respiratory failure (RR, 1.83 [95% CI, .99-3.38], P = .055). When multivariable models were performed adjusting for oxygen use and 1 other covariate at a time (copathogens, WBC count, platelet count, day of LTD after transplant, age at transplant, and conditioning regimen), the effect of RSV RNA detection was no longer significant (data not shown).
The effect of RSV RNA detection on length of hospitalization was evaluated by comparing days alive while not hospitalized within the first 28 days following diagnosis of LTD. For patients with RSV RNA detected on or before LTD diagnosis (n = 11), the median number of days was 0 (range 0-16), whereas the median number of days was 4 (range, 0-24) for patients without RSV RNA detected (P = .038). After adjusting for oxygen use, RSV RNA detection remained a significant factor affecting days alive and not hospitalized (mean difference, −5.49 days [95% CI, 10.5 to −.47], P = .032).
Host and Transplant Factors Associated With Mortality
Among all 118 patients, overall mortality at day 30 and day 90 following RSV LRD was 39% (n = 46) and 47% (n = 56), respectively. Death from respiratory failure was observed in 29% (n = 34) and 34% (n = 40) of patients at day 30 and day 90 following RSV LRD, respectively. In unadjusted models, patients who received aerosolized ribavirin treatment had improved survival compared with those who did not receive any ribavirin treatment after LRD (60% vs 24% for overall death and 73% vs 35% for pulmonary death; P < .0001 for both; Supplementary  Figure 2A and 2B). Survival curves stratified by patients who did and did not receive oxygen therapy at LRD diagnosis for those patients who received none or systemic ribavirin only are shown in Supplementary Figures 2C-F . Univariate analysis at day 90 following RSV LRD revealed several factors that were statistically significantly associated with overall mortality and pulmonary death including transplant year, cell source, conditioning regimen, WBC count, monocyte count, platelet count, oxygen requirement at diagnosis, steroid use at diagnosis, palivizumab treatment, and ribavirin treatment following LRD (Supplementary Table 1) . Treatment with aerosolized ribavirin showed a protective effect against mortality at day 90 in multiple models when adjusting for cell source, oxygen requirement at diagnosis, WBC count, and presence of copathogens (Table 4 ). The protective effect of Figure 2 . Hazard ratios and 95% confidence intervals from multivariable models evaluating respiratory syncytial virus (RSV) RNA detection in blood as a risk factor for overall mortality and pulmonary death by day 90 following RSV lower respiratory disease (LRD; n = 92), including P values. Hazard ratios and P values shown are for RSV RNA detection. Models for outcomes at day 30 following RSV LRD similarly showed RSV RNA detection as a risk factor for overall mortality and pulmonary death (data not shown). A, All models included presence of any RSV RNA and ribavirin treatment plus 1 other covariate. B, All models include presence of RSV RNA above median (2.74 log 10 copies/mL) and ribavirin treatment plus 1 other covariate. Abbreviation: WBC, white blood cell.
aerosolized ribavirin was also demonstrated in multivariable models determining risk for pulmonary death (Table 5 ).
DISCUSSION
We have demonstrated several host, transplant, virologic, and treatment factors associated with increased overall and pulmonary death in HCT recipients with RSV LRD. In particular, we have shown the presence of RSV RNA in blood in a significant proportion (30%) of patients with RSV LRD and correlated RSV RNA detection with mortality in multivariable models. Additionally, we have shown a protective effect of aerosolized ribavirin for overall and pulmonary mortality in multivariable models.
Risk factors for RSV RNA detection in blood included mechanical ventilation, suggesting that acute lung injury plays a role in pathogenesis of RSV infection and possibly in dissemination of viral nucleic acid into the bloodstream. This hypothesis is also supported by the association between thrombocytopenia and RSV RNA detection, as well as the association between higher BAL viral load and serum RSV RNA detection. Other risk factors for RSV RNA detection in plasma/serum include neutropenia and monocytopenia, implying that the inflammatory response plays a part in viral containment within the respiratory system. Pathological examinations in autopsy specimens have shown alveolar mononuclear cell infiltration in children with RSV [33] , and BAL specimens in children with RSV bronchiolitis have shown that neutrophils comprise >80% of the inflammatory cell infiltrate at the height of clinical symptoms [34] . Furthermore, RSV nucleic acid has been demonstrated in monocytes and neutrophils in BAL and blood specimens in adults and children with RSV infection [24, 25, 35, 36] . Interestingly, our study did not show a substantial effect of lymphopenia or steroid use up to 2 mg/kg on RSV RNA detection, indicating that moderate immune suppression does not impact blood RSV RNA detection.
The higher rate of serum RSV RNA detection in this study compared to previous reports by our group may be explained by duplicate extraction and RT-PCR testing [26, 27] . Although duplicate testing is not a clinically practical method, it was performed to maximize detection of viral loads near the limit of detection (approximately 2.3 log 10 copies/mL) and to account for stochastic distribution. Patients with duplicate positive samples had higher viral loads, and patients with viral loads above the median have an increased risk for death compared to patients with viral loads below the median. Abbreviations: BM/CB, bone marrow/cord blood; CI, confidence interval; HR, hazard ratio; LRD, lower respiratory disease; PBSC, peripheral blood stem cell; WBC, white blood cell. a Intravenously dosed as a loading dose (35 mg/kg in 3 divided doses every 8 hours) followed by a maintenance dose (25 mg/kg in 3 divided doses every 8 hours for 6 days) [30] or orally dosed as a loading dose (10 mg/kg) followed by 400 mg every 8 hours on day 2 and 600 mg every 8 hours on day 3 [31] . b Current practice guidelines at our center involve treatment with aerosolized ribavirin in all patients with RSV LRD, dosed as 6 g as a single dose over 18 hours or 2 g three times a day over 2 hours [15] . c Including those requiring continuous positive airway pressure and mechanical ventilation.
Detection of RSV RNA in serum or plasma was associated with an increased risk of overall death in multivariable models, as well as decreased time alive and not hospitalized. Serum RSV RNA detection and its association with mortality and hospitalization suggest a role of viral dissemination in disease severity; however, this study did not directly investigate viral replication outside of the respiratory tract. Future studies will examine messenger RNA in peripheral blood samples to determine if a true viremic phase occurs in severe RSV infection.
This study allowed us to evaluate several clinical factors in univariate and multivariable analysis. Factors associated with increased mortality included use of oxygen at diagnosis, receipt of a bone marrow or cord blood transplant, steroid use >2 mg/ kg prior to diagnosis, leukopenia, and presence of copathogens (Supplementary Table 1 ). Additionally, we were interested in the effect of ribavirin on clinical outcomes. We demonstrated that treatment of RSV LRD with aerosolized ribavirin in HCT recipients was consistently associated with decreased probability of overall death and death due to respiratory failure in multivariable models. Although our results suggest a stronger protective effect for aerosolized ribavirin over systemic ribavirin ( Supplementary Figures 2A and 2B) , the number of patients who received systemic ribavirin in this cohort is small (n = 13) and therefore these results should be interpreted cautiously.
Ribavirin has been available for the treatment of RSV infection for >30 years; its use in HCT recipients has been controversial due to the low quality of evidence to support its use. Treatment of RSV LRD with ribavirin has never been evaluated in randomized trials; however, many centers administer ribavirin with or without pooled IVIG, RSV-specific immunoglobulin, or palivizumab [8, 10] . A pooled analysis by Shah and Chemaly suggested that HCT recipients treated with ribavirin (with or without immunomodulators) had lower rates of mortality in a review of 21 separate studies [8] . Our study is the first analysis of a single cohort to show the protective effect of ribavirin on overall and pulmonary mortality in HCT recipients using multivariable models. Our data also show that all patients who required oxygen therapy and were not treated with ribavirin died.
HCT recipients with RSV who were transplanted earlier in our study had worse outcomes than more recent patients. This may be explained by improvement in supportive care and changes in transplantation practices in recent years, and suggests that earlier patients experienced more acute lung injury related to RSV LRD. Similarly, patients requiring increased oxygen support at time of LRD diagnosis were more likely to die. Oxygen use may serve as a marker for extent of lung injury, and its association with poor outcomes confirms previous findings [26, 29, 37] . Patients who received peripheral blood stem cell transplants had improved survival compared to patients who received bone marrow or cord blood transplants, suggesting an important role of immune reconstitution. Analysis of shorter-term mortality (day 30 following RSV LRD) showed similar results (data not shown).
Abbreviations: BM/CB, bone marrow/cord blood; CI, confidence interval; HR, hazard ratio; LRD, lower respiratory disease; PBSC, peripheral blood stem cell; WBC, white blood cell. a Intravenously dosed as a loading dose (35 mg/kg in 3 divided doses every 8 hours) followed by a maintenance dose (25 mg/kg in 3 divided doses every 8 hours for 6 days) [30] or orally dosed as a loading dose (10 mg/kg) followed by 400 mg every 8 hours on day 2 and 600 mg every 8 hours on day 3 [31] . b Current practice guidelines at our center involve treatment with aerosolized ribavirin in all patients with RSV LRD, dosed as 6 g as a single dose over 18 hours or 2 g three times a day over 2 hours [15] . c Including those requiring continuous positive airway pressure and mechanical ventilation.
Several factors were not significantly associated with mortality. Most notably, steroid therapy up to 2 mg/kg/day at the time of diagnosis (given for treatment of GVHD) did not correlate with increased risk of overall or pulmonary death. Although palivizumab treatment was protective in univariate models, this is likely due to inclusion of earlier patients who received neither ribavirin nor palivizumab therapy. Palivizumab was not protective in multivariable models, a finding that has recently been analyzed separately in a homogenous cohort of patients who received aerosolized ribavirin [29] . Interestingly, although lymphopenia has been suggested as a risk factor for progression from URD to LRD [4, 12] , we did not find lymphopenia to be associated with increased risk for death in patients with established RSV pneumonia. Low total WBC count did correlate with increased risk of death in multivariable analyses; monocytopenia correlated with increased death in univariate analysis. These findings suggest a role for other immune responses in disease severity.
Limitations of this study include the retrospective design and the lack of randomization in evaluating the ribavirin effect. The study period is long, and there have been changes in supportive care practices. We accounted for this by including time and transplant-related changes in our models. The relatively small number of patients meeting clinical endpoints limited our ability to establish a single model to account for all covariates. However, separate multivariable models showed a protective effect of ribavirin and the impact of serum/plasma RSV RNA detection on overall and pulmonary death when adjusting for important covariates. RNA degradation may have played a role in observed differences in detection levels over time. Our study tested only serum and plasma, whereas other studies have recovered RSV RNA from whole blood, peripheral blood monocytes, and neutrophils [23, 25, 38, 39] . Currently, prospective sample collection is under way to specifically evaluate these additional cellular compartments for the presence of RSV genomic RNA and RSV messenger RNA.
In conclusion, our data demonstrate the protective effect of ribavirin on overall mortality and pulmonary death at day 30 and day 90 following RSV LRD in HCT recipients in multivariable models. Detection of RSV RNA in blood was associated with an increased risk of death among HCT recipients with RSV LRD, suggesting that RSV RNA detection in blood may serve as a biomarker for poor overall outcomes and may indicate the need for more aggressive therapy in this population.
Supplementary Data
Supplementary materials are available at Clinical Infectious Diseases online (http://cid.oxfordjournals.org). Supplementary materials consist of data provided by the author that are published to benefit the reader. The posted materials are not copyedited. The contents of all supplementary data are the sole responsibility of the authors. Questions or messages regarding errors should be addressed to the author.
Notes
